Abstract
Methods
To isolate HCN1 channel actions in rod system responses, we generated double mutant mice by crossbreeding Hcn1 -/-mice with Cnga3 -/-mice in which cones are non-functional.
Retinal function in the resulting Hcn1 -/-Cnga3 -/-animals was followed by means of electroretinography (ERG) up to the age of four month. Retinal imaging via scanning laser ophthalmoscopy (SLO) and optical coherence tomography (OCT) was also performed to exclude potential morphological alterations.
Results
This study on Hcn1 -/-Cnga3 -/-mutant mice complements our previous work on HCN1 channel function in the retina. We show here in a functional rod-only setting that rod responses following bright light exposure terminate without the counteraction of HCN channels much later than normal. The resulting sustained signal elevation does saturate the retinal network due to an intensity-dependent reduction in the dynamic range. In addition, the lack of rapid adaptational feedback modulation of rod photoreceptor output via HCN1 in this double mutant limits the ability to follow repetitive (flicker) stimuli, particularly under mesopic conditions.
Introduction
The retina is able to respond to a wide range of light stimuli by the use of the two photoreceptor subtypes, rods and cones, whose signals converge at different sites in the retina. The highly sensitive rods are able to detect already very low amounts of light, whereas the less sensitive cones mainly contribute to perception under brighter light levels. At intermediate (mesopic) conditions, there is a considerable overlap of the two systems where both photoreceptor types contact onto the same downstream neurons [1, 2] . In order to facilitate a seamless, lightdependent transition from rod-to cone-dominated retinal signalling, their dynamic range has to be tightly controlled.
In the retina, the wide response range is implemented not only at the level of photoreceptors, but also downstream via the use of parallel, independent pathways and intensity-dependent convergence of signals at each stage of retinal processing [3] [4] [5] . The primary rod pathway operates at dim light conditions and connects rods via rod bipolar cells to AII amacrine cells and eventually the cone ON pathway. It also suppresses cone OFF signalling. The secondary rod pathway becomes operational at mesopic illuminations. Rod signals access the cone ON pathway via rodcone electrical coupling through gap junctions [6] [7] [8] [9] . In addition, horizontal connections at each level of signal processing (e.g. via gap junctions) are important for several aspects of vision [10] .
The dynamic range of rod vision is further regulated by a number of feedback mechanisms. Here, we explored the actions of Hyperpolarization-activated and cyclic nucleotide-gated 1 (HCN1) channels in rods. HCN1 channels are strongly expressed in photoreceptor inner segments [11] [12] [13] and are activated after a short delay when light exposure closes CNG channels in the outer retina and hyperpolarizes the membrane potential of photoreceptors. Increased opening of HCN1 channels causes an inward current that drives the membrane potential back to the resting state [13] [14] [15] [16] . In previous investigations, we have focused particularly on the importance of HCN1 channels for proper rod-cone-interaction [16] . Here, we studied the isolated rod-specific actions via a genetic impairment of cone function, as usually the intrusion of cone system contributions at higher light intensity renders a rod-specific analysis difficult [15, 16] . For this purpose, we crossbred Hcn1 -/-mice [17] with Cnga3 -/-mice [18] in order to obtain Cnga3 -/-Hcn1 -/-double knockout mice (DKO) with abolished cone function. The resulting DKOs were examined functionally by means of in vivo electrophysiology (ERG) using single flash and flicker paradigms under scotopic and mesopic conditions. In vivo retinal imaging, using optical coherence tomography (OCT) and scanning laser ophthalmoscopy (SLO), was also performed to exclude potential morphological alterations.
Materials and Methods

Ethics Statement
All the experimental procedures regarding animals were performed according to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and the law of animal experimentation issued by the German Government, and were finally approved by the local authorities (Regierungspraesidium Tuebingen).
Animals
Two mouse lines were used in this study: the Cnga3 -/-single mutant [18] and Cnga3 -/-Hcn1 -/-double knockout line (DKO). DKOs were generated by crossbreeding single Hcn1 -/-and Cnga3 -/-animals and subsequent breeding of F1 heterozygotes. We identified double mutant mice in the F2 generation by PCR analysis of genomic DNA as described for the individual lines [17, 18] . All mice were examined at the age of 1 month because firstly retinal development is usually complete at this time point. Secondly, this time point is optimal for the analysis of primary functional changes due to a genetic defect in mice in-dependent of secondary changes (e.g degeneration) [19] [20] [21] . Lack of cone photoreceptor function due to a genetic ablation of the Cnga3 gene has been found to secondarily induce synaptic remodelling to some degree [22] . Nevertheless, a functional alteration of rod system activity has so far not been described and was also not observed in previous studies involving ERG examinations [19] [20] [21] . So, this aspect remains at present of a theoretical nature.
Electroretinography (ERG)
ERGs were performed according to procedures described previously [19, 20] using a Ganzfeld bowl, a signal amplifier, and a PC-based control and recording unit (Toennies Multiliner Vision, Viasys Healthcare, Höchberg, Germany). Custom-made gold wire rings and stainless steel needles (SEI EMG, Cittadella, Italy) were used as active or reference and ground electrodes, respectively. ERGs were recorded binocularly from the corneal surface. Mice were darkadapted over night. For anaesthesia, a combination of ketamine (66.7 mg per kg body weight) and xylazine (11.7 mg per kg body weight) was utilized. Pupils were dilated prior to the experiments (Mydriaticum Stulln, Stulln, Germany). ) without background illumination [21] . Responses were averaged either 20 times (for 0.5, 1, 2, and 3 Hz) or 30 times (for 5 Hz) over time, i.e. steady-state recordings. Band-pass filter frequencies were 0.3 and 300 Hz.
Flicker ERG with a defined onset. A dark-adapted direct-current amplification (DC) flicker protocol was used at high scotopic conditions (10 mcd Ã s/m 2 ) with traces of 1s length [16] to assess the transition from the resting state towards steady-state conditions. For this analysis, 20 flicker responses were averaged for all frequencies. This protocol allows to determine the range temporarily not available for light-driven responses due to the elevation of baseline (refractory range, RR), and the remaining dynamic range for light driven responses (DR).
In the DC protocol, the RR is given by the difference between the new flicker baseline at steady state and the baseline before stimulation as the reference. The DR is determined as the new amplitude of the flicker at steady state. Band-pass filter frequency settings for the DC protocol were 0 and 300 Hz. 
Scanning-Laser Ophthalmoscopy (SLO)
SLO imaging was performed with a HRA 1 system (Heidelberg Engineering, Heidelberg, Germany) in order to visualize the retinal structures of the anesthetized DKO animals (n = 6 eyes) according to previously described procedures [24] . Briefly, the HRA 1 features lasers in the short (visible) wavelength range (488 nm in both and 514 nm in HRA 1 only), and also in the long (infrared) wavelength range (795/830 nm and 785/815 nm). The 488 and 795 nm lasers are used for fluorescein (FLA) and indocyanine green (ICG) angiography, respectively.
Spectral-Domain Optical Coherence Tomography (SD-OCT)
SD-OCT imaging was performed in DKO mice (n = 6 eyes) in the same session as SLO and it was carried out with a Spectralis HRA+OCT device (Heidelberg Engineering GmbH, Heidelberg, Germany). This device features a super luminescent diode at 870 nm as low coherence light source.
Scans are acquired at a speed of 40,000 scans per second and each two-dimensional B-scan contains up to 1536 A-scans. [25] . The images were taken with the equipment set of 30°field of view and with the software Heidelberg Eye Explorer (HEYEX version 5.3.3.0, Heidelberg, Germany).
Results
HCN1 Deficiency Leads to an Intensity-Dependent Prolongation of the Rod B-Wave
Before the functional analysis, we examined whether the lack of HCN1 channels in DKO mice influenced retinal morphology. In vivo imaging in DKO mice indicated no abnormalities in retinal structure, neither in SLO fundus images (Fig 1A-1D ) nor in OCT cross sections (Fig 1E-1G) . Next, we asked whether lack of HCN1 channels in this rod-specific DKO line would cause an ERG phenotype similar to that found in non-selective Hcn1
-/-models [16, 17] . Indeed, the absence of HCN1 channels resulted in unphysiologically prolonged b-wave signals which remained elevated even at 100 ms after light stimulation, corroborating our previous hypotheses. The results are summarized in Fig 2, and DKO animals (right) under dark-adapted conditions. For this purpose, we used Cnga3 -/-mice as control animals since they were found to produce regular rod system response in previous studies involving ERG [19] [20] [21] . At low light intensities (Fig 2A; (Fig 2A, right) . At brighter light intensities, the prolongation became more pronounced (Fig 2A, right and Fig 2C, arrows) . The b-wave amplitudes, determined from the trough to the peak of the positive deflection, were comparable between Cnga3 -/-and DKO mice (Fig 2B) . This is due to the fact that b-wave amplitude measurement does not include later parts of the response waveform, where most of the HCN1 phenotype is present (Fig 2A and 2C) . In order to highlight the delayed response termination in DKO, we quantified ERG responses from both mouse lines at a later time-point (200 ms after stimulation) [16] . These data underline that a marked difference is already present at 0.01 cd Ã s/m 2 (p = 0.038), but further increases at 0.1 and 1 cd Ã s/m 2 (p = 0.010 for both intensities) (Fig 2D) .
The intensity series in Fig 2 clearly showed the voltage-dependent activity of HCN1 channels in rod photoreceptor inner segments, since a substantial effect of HCN1-deficiency was discernible only at higher flash intensities above 30 mcd Ã s/m 2 . In contrast, non-functional HCN1 channels do not affect rod photoreceptor outer segment currents, which was confirmed in Hcn1 -/-mice [16] ; similarly also in DKO mice, no differences were found in the analysis of the a-wave amplitude and implicit-time (data not shown).
In particular, a more detailed comparison between ERG amplitudes of the newly generated DKOs in this work and single Hcn1 -/-recordings [16, 17] revealed that the prolongation of the b-wave was less pronounced in the DKOs than in Hcn1 -/-mice, indicating that cone system contributions were indeed present in ERG signals of single mutant mice, whereas these signals were absent in DKOs.
HCN1-Deficiency Reduces the FFF at High Scotopic Conditions
In DKOs, the prolongation of b-waves in the dark-adapted intensity series led us to suppose that, due to the lack of internal HCN1-mediated feedback, rod system responses may be transiently saturated. In ERG, this would become noticeable as a reduced ability to respond to repetitive stimuli, i.e. a lowered flicker fusion frequency (FFF). To investigate this hypothesis, we assessed the transition from the resting state to steady-state conditions by recording single traces of flicker ERG with a defined onset. This enabled us to retain information about the signal baseline before and during light stimulation, including the refractory range (RR) and the remaining dynamic range (DR).
Two key factors that influence the flicker ERG are the signal baseline level and the basal DR, which are illustrated in Fig 3A. In a frequency series, signal baseline level (Fig 3A, red line) is increasingly elevated whenever single ERG responses are unable to reach the initial level before onset of the following response (dotted line), creating a refractory range (RR) spanned by the The flicker response characteristics of Cnga3 -/-and DKOs are presented in Fig 3B and 3C . In Cnga3 -/-animals, the rod system was able to follow high flicker frequencies up to about [12] [13] [14] [15] [16] [17] [18] Hz. In the representative flicker series shown here, the FFF was slightly above 15Hz and traces at frequencies above FFF were close to single flash-like responses. In contrast, the prolongation of the rod system response due the lack of HCN1 channels caused a remarkable reduction of the FFF in DKOs down to 7-10Hz, together with an elevation of the baseline abnormally increasing with frequency (Fig 3C) . At frequencies above the FFF, the flicker ERG signal remained elevated with no remaining DR, resulting in a step-like response as described for Hcn1 -/-in our previous study [17] . These data corroborate the important role of HCN1 channels in rod vision. In particular, HCN1 channels enable the rod system to resolve higher frequencies by extending their DR at the photoreceptor level at intensities of 0.01 cd Ã s/m 2 and above.
HCN1-Deficiency Reduces the FFF at High Mesopic Conditions
Finally, we addressed the question whether the lack of HCN1 influences the FFF also under high mesopic conditions at 3 cd Ã s/m². We used conventional steady-state ERG flicker recordings, where responses were continuously averaged. The normal rod system is able to respond under these conditions only to low temporal frequencies of up to 3 Hz (Fig 4A, red bar) [21] . . In Cnga3 -/-controls (B), increasing inability of the rod system response to reach signal baseline decreases the DR, leading to a flicker fusion frequency (FFF) of about 15Hz. The additional prolongation of the rod response due to HCN1 deficiency limits its DR to a much greater extent and thus reduces the FFF (C). In total, DC measurements were performed in n = 6 eyes for Cnga3 -/-mice and n = 4 eyes for DKO mice. In DKO, ERG responses were even more reduced with increasing frequency (Fig 4A, right) , with a tendency to a stronger reduction of the positive deflection relative to the negative deflection (Fig 4A right, arrow) . A summary of flicker amplitude data from Cnga3 -/-and DKO mice, including the analysis of the positive deflection (Fig 4B) , further illustrates the significant reduction in FFF at 0.5 Hz (p = 0.002) and above (p<0.001 for 1-3 Hz).
Discussion
In this study, we investigated the role of HCN1 channels in rod photoreceptors for the enhancement of rod system responsivity under conditions of light exposure. To isolate HCN1 channel actions in rod system responses, we generated Hcn1 -/-Cnga3 -/-double knockout mice.
The Cnga3 -/-line is a model of achromatopsia type 2 and particularly specific in the removal of any light-activated cone signalling, while the rod system stays functionally intact [18] . Hcn1
Cnga3
-/-double knockout mice thus allow to study rod-driven visual activity in HCN1-deficient mutants. We found that a lack of HCN1-mediated feedback in rod photoreceptor cells indeed prolongs rod responses and saturates the downstream retinal network during bright light stimulation (Fig 2) . In ERG analyses, this was noticeable as a reduced dynamic range (DR) and a lowered flicker fusion frequency (FFF, Figs 3 and 4) . Feedback mechanisms are common strategies of the mammalian retina to avoid saturation of the neuronal network. A further example is the triad of synapses between rod bipolar cells and AII and A17 amacrine cells. These triads modulate rod bipolar output signals and consequently influence the saturation of rod vision [23] . When comparing these adaptive mechanisms, they appear to share the same goal: To avoid saturation without compromising sensitivity. Evolutionary, one may speculate that the maximal sensitivity of vision in darkness is an advantage that is equally helpful to the ability to rapidly perceive light-evoked signals again following a saturating stimulus, both for predators and prey. With more and more details about the functional components of photoreceptors emerging, modelling of entire cells comes within reach. Our rod-specific in vivo data does provide firsthand information for the implementation of such models and generally for computational studies dealing with saturation of the rod system. In summary, we show that HCN1 channel feedback enhances the dynamic range of the rod system in order to limit the period of saturation following bright light exposure, while leaving rod sensitivity untouched. The newly generated Cnga3 -/-Hcn1 -/-double mutant is a valuable specific model and a crucial building block to understand and model the role of HCN1 channels in shaping mammalian vision.
